ABSTRACT. Feed efficiency and carcass characteristics are latemeasured traits. The detection of molecular markers associated with them can help breeding programs to select animals early in life, and to predict breeding values with high accuracy. The objective of this study was to identify polymorphisms in the functional and positional candidate gene NEUROD1 (neurogenic differentiation 1), and investigate their associations with production traits in reference families of Nelore cattle. A total of 585 steers were used, from 34 sires chosen to represent the variability of this breed. By sequencing 14 animals with extreme residual feed intake (RFI) values, seven single nucleotide polymorphisms (SNPs) in NEUROD1 were identified. The investigation of marker effects on the target traits RFI, backfat thickness (BFT), ribeye area (REA), average body weight (ABW), and metabolic body weight (MBW) was performed with a mixed model using the restricted maximum likelihood method. SNP1062, which changes cytosine for guanine, had no significant association with RFI or REA. However, we found an additive effect on ABW (P ≤ 0.05) and MBW (P ≤ 0.05), with an estimated allele substitution effect of -1.59 and -0.93 kg 0.75 , respectively. A dominant effect of this SNP for BFT was also found (P ≤ 0.010). Our results are the first that identify NEUROD1 as a candidate that affects BFT, ABW, and MBW. Once confirmed, the inclusion of this SNP in dense panels may improve the accuracy of genomic selection for these traits in Nelore beef cattle as this SNP is not currently represented on SNP chips.
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INTRODUCTION
Brazil is an important global producer and exporter of beef. Among the beef cattle breeds used in the country, Nelore is the most popular due to its remarkable levels of production and its adaptability and resilience to tropical environments. Feed efficiency has a large effect on production costs; however, despite its moderate heritability, it has not been included in animal breeding programs, possibly for being a labor-intensive and late-measured phenotype. Selection for more efficient animals may result in reductions in pasture area and pollutant production, in addition to being more profitable for producers (Basarab et al., 2003) . Backfat thickness (BFT) and ribeye area (REA) are important traits of late-measurement for the beef industry, and the investigation of molecular markers associated with these traits could lead to their inclusion in breeding programs.
NEUROD1 (Neurogenic differentiation 1) has been reported as a candidate gene for feed efficiency (Barendse et al., 2007) . This gene is located on bovine chromosome 2, near quantitative trait loci (QTLs) for residual feed intake (RFI) (Martínez et al., 2010; Sherman et al., 2010) , average daily gain (ADG) (Li et al., 2010) , body weight (BW) (Casas et al., 2003) , and REA (Allais et al., 2010) .
The metabolic pathway in which this gene is involved is related to carbohydrate metabolism, specifically in the regulation of insulin gene expression (Malecki et al., 1999) . Insulin is responsible for glucose reduction in the blood, and promotes the entry of glucose into the cells. It is essential for carbohydrate metabolism, protein synthesis, and lipid storage. Malecki et al. (1999) showed that mutations in human NEUROD1 are related to the development of diabetes mellitus type II.
Based on NEUROD1 function and previous data found in the literature, we evaluated this gene as a candidate for affecting production traits in Nelore cattle by a sequencing-based investigation of single nucleotide polymorphisms (SNPs), and by conducting association studies on BFT, REA, average body weight (ABW), and metabolic body weight (MBW).
MATERIAL AND METHODS

Animals and phenotypic data
The animals were handled and managed according to the Institutional Animal Care and Use Committee Guidelines, Brazilian Agricultural Research Corporation (EMBRAPA). A complete description of the genetic and experimental design is given in De Oliveira et al. (2014) . In brief, 585 Nelore steers weighing 382.5 kg on average, the offspring of 34 sires, were used. Individual dry matter intake (DMI, kg/d) was obtained by measuring the difference between offer and refusal. Residual feed intake (RFI, kg/d) was computed as the residuals from a regression of DMI on mid-test BW 0.75 and ADG using mixed models. Contemporary groups (CGs) were defined as feedlot location, year, animal origin, and pen type (individual or collective), and were considered fixed effects using the MIXED procedure in SAS (SAS Institute Inc., 2000) . Phenotypes for BFT (mm) and REA (cm 2 ) were as described in Tizioto et al. (2012) . Descriptive statistics for RFI, REA, BFT, ABW, and MBW are presented in Table  1 . The number of animals (N) used for each trait was different due to different data availability. 
NEUROD1 sequencing
DNA samples of 14 Nelore steers representing the extremes of BLUP (Best Linear Unbiased Prediction) values for RFI (seven high and seven low) were sequenced. The genetic analysis conducted to obtain the BLUP values was based on the following mathematical model (Tizioto et al., 2012) :
where y is the vector of the response variable; β is the vector of fixed effects of a CG consisting of year, pen type, and animal origin; a is the vector of animal additive genetic effects [NID (0, sa2)]; and ε is the vector of residual effects inherent to each observation [NID (0, se2)]. Animals were selected from the top 5% highest and lowest values, taking into account that the animals were from families with different half-siblings. Primers were designed for the complete sequencing of NEUROD1 (Table 2 ) based on the sequence (ENSBTAG00000001755) that is publicly available on the Ensembl database (http://www.ensembl.org/index.html). The sequencing reactions were performed according to the protocol adapted by Regitano and Coutinho (2001) 
SNP genotyping and association analysis
Of the SNPs found by sequencing, one was associated with RFI according to a Fisher's exact test (Table 3 ). This SNP was further genotyped in 589 Nelore steers following the tetra-primer amplification refractory mutation system-polymerase chain reaction (ARMS-PCR) method (Ye et al., 2001) . Table 4 lists the primers used for SNP 1062G>C genotyping by tetra-primer ARMS-PCR. Association analyses were performed by the restricted maximum likelihood method using the MIXED procedure in SAS with the following model (Tizioto et al., 2012) :
where Y ijkl is the observation of the 1st individual of age A, sibling of the kth sire, of the jth genotype for the marker belonging to the ith CG; µ is the overall mean; CG i is the fixed effect of the ith CG; M j is the fixed effect of the jth genotype for the marker; Sk is the random effect associated with the kth sire [~N (0, s t 2 )]; b is the regression coefficient associated with the animal's age; A ijkl is the animal's age on the date of measurement, and a is the mean age at measurement; and e ijkl is the random error associated with each observation [~N (0, s e 2 )]. The CG included the effects of birth and feedlot place, month of birth, breeding season, and slaughter date. The MIXED procedure in SAS (proc mixed) was used to test the additivedominance model.
RESULTS
By sequencing 14 animals with extreme RFI BLUP values, seven novel SNPs in NEUROD1 were identified (Table 3) . Minor allele frequencies of the SNPs identified in the extreme animals ranged from 0.14 to 0.41. Four SNPs were found in regulatory and coding regions, one in the 5' untranslated region (UTR), and three in the 3'UTR.
In order to evaluate the effect of NEUROD1 on RFI, the genotype frequencies of the SNPs were compared between groups of steers with extreme RFI phenotypes using Fisher's exact test. SNP 1062G>C (Table 3) , which substitutes cytosine for guanine and is located in a coding region, was non-significantly associated with RFI (P = 0.060); therefore, SNP1062G>C was chosen to evaluate the entire population.
Allelic and genotypic frequencies for NEUROD1 in the Nelore population are presented in Table 5 . When evaluated in the entire population, a significant association between SNP 1062G>C and RFI was not observed (P = 0.7186). The first approach adopted was to investigate the effects of SNP 1062G>C on RFI based on information from previous studies (Barendse et al., 2007) . However, based on the physiological and metabolic functions of NEUROD1 and its location in a region described for other production traits, we evaluated the effects of NEUROD1 on other production traits (BFT, REA, ABW, and MBW).
A significant dominance deviation effect on BFT (P = 0.0009) and significant additive effects on ABW (P = 0.0249) and MBW (P = 0.0267) were found ( Table 6 ). The estimated allele substitution effects of the SNP were -1.59 kg and -0.93 kg 0.75 for ABW and MBW, respectively; therefore, the C allele decreased both ABW and MBW in this population. This polymorphism accounted for 7.78 and 0.21% of the total additive variance for ABW and MBW, respectively, and 9.98 and 0.27% of the total genetic variance for them, respectively. Dominance deviations were not significant for these traits. We did not find a significant association between this SNP and REA (P = 0.2007). Barendse et al. (2007) found a different polymorphism in NEUROD1 associated with RFI in a Bos taurus population, which was not found in the Nelore population studied here. Discrepancies in allele frequency and the extent of linkage disequilibrium could result in different marker effects being detected in different breeds. Conflicting results for candidate genes are usually linked to genetic differences between populations or subspecies of cattle, and can be attributed to the environmental conditions, management, and diet to which each population is exposed (Rincker et al., 2006) .
DISCUSSION
NEUROD1 is a transcription factor that regulates, as an activator, insulin gene expression by binding to a critical E-box motif on the insulin gene promoter (Malecki et al., 1999) . Insulin is a neuromodulator in the nervous system, and is considered a hormone sensor of peripheral metabolism. This protein attaches to specific brain receptors, and controls the most important areas related to consumption and energy metabolism in the brain (Ingvartsen and Andersen, 2000) . The role of insulin in regulating feed intake and body weight in cattle has been reported previously (Richardson and Herd, 2002; Rolf et al., 2012; Karisa et al., 2014) .
The effect of NEUROD1 genotypes on BFT observed in this study may be attributed to the function of this gene in metabolism and lipid storage by modulating insulin secretion. The effect of insulin on the metabolism of fatty acids is opposite to that of the hormones glucagon and adrenaline. Insulin secretion in response to high blood glucose levels stimulates lipogenesis (Brockman, 1983) .
Although SNP 1062G>C does not result in amino acid substitution, the effects observed may be caused by a variety of genetic mechanisms, e.g., SNP 1062C>G may be in linkage disequilibrium with another SNP in regulatory regions, or with a gene that is related to lipid metabolism.
NEUROD1 is mapped to bovine chromosome 2 near QTLs for RFI, ADG, BW, and REA (Casas et al., 2003; Allais et al., 2010; Li et al., 2010; Martínez et al., 2010; Sherman et al., 2010) . Seven candidate genes, including bridging integrator 1 (BIN1), asparagine synthetase domain-containing protein 1 (ASNSD1), and aldehyde oxidase (AOX1) are associated with RFI on bovine chromosome 2 (Karisa et al., 2013) , near to SNPs (599C>G, 1008G>A, and 1743T>C) found in NEUROD1. The fact that a significant association between this polymorphism and RFI has not been found suggests that using this marker information in selecting for BFT, ABW, and MBW would not affect RFI. Several studies have identified genes that are associated with production traits, but their biological mechanisms are not well understood because individual gene effects should be considered in the context of a polygenic background. The knowledge obtained from candidate genes helps to explain the biological mechanisms underlying variation in target traits; however, it is not enough to identify the contribution of a single genetic variant, because most traits are influenced by many genes.
Based on our results, NEUROD1 is a candidate gene for BFT, ABW, and MBW in this population of Nelore cattle. However, the validation of this marker in different populations of cattle is necessary before it can be implemented in marker-assisted selection. Once confirmed, inclusion of NEUROD1-associated SNPs in dense panels may improve the accuracy of genomic selection for different production traits, as this SNP is not currently represented on commercially available SNP chips.
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